M
any destructive crop diseases are caused by filamentous microbes from the kingdoms Fungi (e.g., ascomycetes and basidomycetes) and Stramenopila (oomycetes). Many of these pathogens exploit plants by extracting nutrients from living plant cells (biotrophy) (1) . In some cases, biotrophic pathogens have evolved to a state of absolute dependency on their hosts. These obligate biotrophs have lost the capacity for saprotrophic growth, display narrow host specificity, and are difficult or impossible to culture on synthetic media (2) . When viewed from an interfacial perspective, these lineages provide fascinating case studies of how microbes can evolve to occupy highly specialized niches inside hostile plant hosts. How is it that these parasites can penetrate and grow within host organs, modify host cell structure, reprogram host metabolism, and reproduce prolifically, all while successfully evading the plant immune system (3)? There is much to be learned about these adaptations from comparative genomics. One such example is provided by a paper in PNAS that describes the genomes of two obligate rust pathogens (basidiomycota) and draws informative comparisons to genomes from related species with different lifestyles (4). Below, I discuss insights from this study in the context of similar analyses of obligate parasites from ascomycetes and oomycetes (5, 6) . These comparisons reveal striking commonalities, suggestive of convergent pathways that have been followed as these three lineages independently evolved to an obligate lifestyle. Duplessis et al. (4) describe the genome and transcriptome of Puccinia graminis f. sp. tritici (stem rust of wheat and barley) and Melampsora larici-populina (leaf rust of poplar), which represent over 6,000 rust pathogen species (Pucciniales). Rust diseases affect many plant species and include major threats, such as the UG99 strain, that can overcome resistance genes that wheat growers have relied on for decades (7 all fungi in overall size and predicted gene number. The only sequenced fungus with a comparable number of genes is the mutualistic mycorrhizal fungus Laccaria bicolor (9). Interestingly, two fungal plant pathogens that are biotrophic but nonobligate (Ustilago maydis and Sporisorium reilianum) encode only 6,500 proteins from substantially smaller genomes (10, 11) . Much of the expansion in rust genomes is because of transposable elements (TEs), which comprise almost onehalf of the genomes of both rust species. There is little conservation of gene order between the two rust fungi, suggesting that genome structure in the rust lineage is very dynamic, perhaps because of TE proliferation and recombination between TEs. Interestingly, gene families encoding DNA repair enzymes are expanded in the rust pathogen genomes. Genomes configured for fluidity might facilitate rapid adaptations that are critical for pathogens that are irreversibly committed to life within their hosts. The rust genomes also exhibit a preponderance of unique genes: 65% and 59% of predicted proteins in P. graminis and M. larici-populina, respectively, do not match any protein in the Genbank database. Rust genomes also display lineagespecific expansions of gene families, some of which include the genes most abundantly transcribed during infection. Although some of these expanded families encode proteins with familiar motifs that could be related to pathogenicity (see below), others are specific to rusts. These expanded families are compelling candidates for further studies of adaptation to a host-specific obligate lifestyle.
Insights into Mechanisms of Thievery and Stealth
Genome comparisons between rusts and their facultative relatives revealed intriguing leads to understanding how rusts acquire nutrients. For example, gene families encoding secreted proteases and oligopeptide transporters are expanded in rust pathogens, suggesting a strategy to acquire amino acids by cleaving extracellular plant proteins and assimilating the peptides. Accordingly, both species have lost the capacity for assimilation of inorganic nitrogen and sulfur. With regard to carbohydrates, gene families encoding major family facilitator proteins are reduced in rusts, but some of these genes are strongly up-regulated during leaf colonization, most likely to siphon sugar from the host.
Some plant pathogenic fungi rely at least in part on necrotrophy, through which they kill host tissue by secreting degradative enzymes and toxins and even by purposefully activating a programmed cell death component of the plant immune system. Contrastingly, it is imperative for obligate biotrophs to maintain host cell viability throughout the pathogen's life cycle. It is equally important to evade the plant immune system, which is potent and can recognize a variety of "danger" signals from the pathogen or from altered host cell status (3). Accordingly, rusts have reduced the complement of genes encoding putative secreted toxins and carbohydrate active enzymes that can directly kill host cells and produce danger signals. Such reductions in gene copy number can be viewed as evolution to stealth inside host plant tissue. Similarly, the fungal cell wall component chitin is broadly perceived as a signal of invasion; gene families encoding secreted chitin deacetylases are expanded in rusts, perhaps to interfere with surveillance for chitin.
Further interference with the plant immune system could be provided by small secreted proteins (SSPs) that are probable analogs of effectors that have been described in a variety of plant pathogens (12) . Phytopathogenic bacteria typically deliver 20-40 effectors from a Type III secretion system. The predominant function of bacterial effectors seems to be sabotage of specific immune response regulators (13) . The rust effectorome seems much more complex than those of bacteria: P. graminis and M. laricipopulina encode 1,106 and 884 predicted SSPs, respectively. At least one-half of the SSP genes are transcribed during infection of the plant. Interestingly, among the SSPs induced in planta, only 16% are conserved between the two species, indicative of very rapid turnover to avoid recognition by the immune surveillance system or to interact with new host targets.
Convergences in Three Independent Obligate Lineages
This report is the latest in a series of papers that investigates genomic attributes of biotrophy in facultative and obligate plant parasites and mutualists, using comparative approaches similar to those described above (5, 6, 9, 10, 14) . Two of the most recent works focus on obligate parasites from ascomycetes (Blumeria graminis, Erisyphe pisi, and Glovinomyces orontii, which cause powdery mildew of wheat, pea, and Arabidopsis) and oomycetes (Hyaloperonospora arabidopsidis, which causes downy mildew of Arabidopsis) (5, 6). Thus, it is now possible to compare the genomic signatures of adaptation to extreme parasitism among three lineages that evolved independently to an obligate lifestyle.
Several convergences are apparent. With respect to genome size, the genomes of powdery mildew pathogens are at least fourfold larger than most of their ascomycete relatives, and the downy mildew genome is among the largest in oomycetes. A large percentage of both genomes are comprised of transposible element and other repeated elements. The powdery and downy mildew pathogen genomes also harbor significant numbers of lineage-specific genes. Intriguingly, powdery and downy mildew pathogens have lost enzymes for assimilation of inorganic nitrogen, and the downy mildew pathogen is deficient in sulfate assimilation.
Another common theme is evasion and suppression of plant host defenses. The downy and powdery mildew pathogens both exhibit substantial reductions in secreted degradative enzymes and other potential activators of defense, compared with related species that use necrotrophy. This theme is pervasive and likely reflects an absolute necessity for obligate pathogens to maintain a low profile inside the host. Finally, the downy and powdery mildew pathogens maintain large complements of genes encoding candidate secreted effector proteins. The evidence available to date indicates that at least some oomycete effectors can interfere with host immunity (reviewed in ref. 15) .
These commonalities suggest adaptations that are highly advantageous, if not necessary, for success as a obligate, pathogenic fungus or oomycete: (i) a genome configured for rapid evolution, (ii) assimilation of organic nitrogen and sulfur from host sources, (iii) reduction of genes with the potential to elicit host immune responses, and (iv) deployment of large arrays of secreted effector proteins that act within and outside of host cells to squelch immunity and perhaps facilitate other processes that are integral to survival within a hostile host.
Entrons Dans la Porte Ouverte! The findings of Duplessis et al. (4) open inviting portals into many aspects of host-pathogen interactions. In the near term, a high priority will undoubtedly be assigned to obtaining a clear census of the rust effectorome and identifying the processes in the host that are modified by these proteins. Is the primary function of effectors for immune suppression, or do some effectors contribute to alteration of cell structure and metabolism? Exactly how is the pathogen's metabolism intertwined with the host? Are there commonalities between the three obligate lineages in this regard? Finally, is it possible to identify the molecular basis of obligate parasitism and make inferences about the causal event(s) that triggered such dependence on the plant host (16) ?
From a translational perspective, these genomes and the imminent plethora of additional genomes will provide new tools for control of crop diseases. In the short term, genome data will enable development of DNA-based resources to support diagnosis, epidemiology, and disease forecasting. Genome data will also fuel approaches to bolster genetic resistance in crops. One strategy, already under development for oomycete diseases, is to identify effectors that play essential roles in pathogenicity and use these as probes in high-throughput screens of germplasm from crops and their natural relatives to identify new resistance genes (17) . Pathogen genome sequences will also help to delineate targets for host-induced gene silencing, in which hairpin RNA trangenes in the plant could activate RNAi in the pathogen (18) . Looking forward, we can expect even more imaginative strategies to arise from our genome-enabled understanding of microbial pathogenicity, thereby reinforcing the importance of knowing one's enemy.
